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Many applications of carbon materials are strongly 27 influenced by their surface chemistry. Thus, their use in 28 catalysis (either as catalyst or support), adsorption in solu-29 tion or electrochemical processes are three examples in 30 which the surface chemistry can have an important rele-31 vance in the materials performance [1] [2] [3] [4] [5] . Specially, any 32 discussion on the electrochemical behaviour of carbon, 33 such as its performance as double layer capacitor, which 34 is being very much studied nowadays, should take into 35 account the carbon electrode/electrolyte interface, where 36 functional groups play an important role, mainly in aque-37 ous medium [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . 38 The presence of surface heteroatoms, especially oxygen 39 groups, affects the electrochemical response of the carbon 40 materials in two different ways. On one hand oxygen 41 groups may determine the wettability by the electrolyte 42 solution. It is known that the micropores of carbon cannot 43 be fully wetted in aqueous solutions because of their hydro-44 phobic behaviour [5] . The increase in oxygen content mod-45 ifies the electrostatic field in the surface, imparting certain 46 polarity, which makes easier the interaction with water 47 molecules [1] . On the other hand, the surface oxygen 48 groups may experience redox reactions [4, 5] 
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52 of porous carbons, used as a component of supercapaci-53 tors. As it was shown in previous studies [5, 6] , the faradic 54 current is significantly increased with the content in surface 55 oxygen groups, while the increase in the double layer is not 56 so important. This remarks that the enhancement in capac-57 itance is mainly based on pseudocapacitance or redox 58 mechanisms. Recent results showed that the promotion 59 of capacitance with the amount of oxygen surface com-60 plexes also takes place in non-aqueous electrolyte, where 61 wettability is not a limiting factor [7] . This idea had already 62 been exposed by some authors [7, [9] [10] [11] [12] . Further studies in 63 our laboratory allowed us to conclude that CO-type 64 desorbing groups are responsible for the enhancement in 65 capacitance [8] . The CO-type surface complexes are mainly 66 hydroxyl, carbonyl or quinone groups which can undergo 67 the well-known mechanism for the quinone/hydroquinone 68 redox pair:
71 The role of CO 2 -desorbing groups is still unclear and it has 72 been rarely reported [5] . Electron delocalization, which fa-73 vours electrical conductivity is enhanced by the loss of 74 strong electron-withdrawing groups, such as CO 2 -type 75 groups [4] . In that sense, the removal of CO 2 -type groups 76 should improve capacitance. This observation was previ-77 ously reported [9] : the capacitance values reached a maxi-78 mum after removal of the CO 2 groups at 450°C. Thus, it 79 was concluded that CO 2 complexes play a negative role 80 in electrical energy storage. However this fact should be 81 further analysed in detail. 82
The above comments show that to understand the elec-83 trochemical behaviour of materials, a deep characterization 84 of the surface chemistry is necessary, which can be carried 85 out by spectroscopic, chemical and electrochemical tech-86 niques. The characterization of surface oxygen groups is 87 very often done by chemical or spectroscopic methods such 88 as TPD, XPS, acid-base titration, FTIR, . . . Although the 89 measurements are, in many cases, easy, their interpretation 90 is not simple due to the convolution of the contribution 91 from the different functional groups. Moreover, in spite 92 of the fact that electrochemical methods, like cyclic voltam-93 metry, have a high surface sensitivity and the redox reac-94 tions from surface oxygen groups can be detected, it is 95 difficult to assign the features observed to specific types 96 of oxygen groups due to the overlapping of the different 97 reactions and to the difficulties in the electrochemical mea-98 surements since materials with sufficient electrical conduc-99 tivity should be used. 
148 After the HF treatment, it was washed with deionized 149 water up to the final pH of the washing water and dried 150 at 120°C. Then, the sample was thermally treated under 151 a hydrogen flow of 5 ml/min g at 850°C for 3 h. This sam-152 ple is named as CAH. This procedure has been published in 153 the literature [19] .
154 2.5. Thermal treatment in air
155
The sample CAH, previously treated in H 2 , was sub-156 jected to a thermal treatment in air flow in order to recover 157 part of the surface oxygen groups. The process was carried 158 out in a quartz tube fixed-bed reactor. The sample was 159 heated at 10°C/min up to 450°C. Then, the temperature 160 was kept for 12 h. This sample is named as CAHO x . 161 2.6. Porous texture characterization
162
Porous texture of all samples was determined by physi-163 cal adsorption (N 2 at 77 K and CO 2 at 273 K) using an 164 automatic adsorption system (Autosorb-6, Quantra-165 chrome) after samples out-gassing at 523 K under vacuum 166 for 4 h. The total micropore volume (pore size below 2 nm) 167 and the average pore size were calculated from the applica-168 tion of the Dubinin-Radushkevich equation to the N 2 169 adsorption at 77 K (range of relative pressures used for 170 the DR analysis was: 0.005 < P/P 0 < 0.17). The narrow 171 micropore volume (pore size smaller than around 0.7 nm) 172 has been assessed from CO 2 adsorption at 273 K using 173 the DR equation and for relative pressures below 0.025 174 [20] [21] [22] [23] [24] . The densities of the adsorbed phases used for the 175 calculations, were 0.808 and 1.023 g/ml for N 2 and CO 2 , 176 respectively. (CO 2 )] for each sample. The compari-240 son between the total micropore volume, V DR (N 2 ), and 241 the narrow micropore volume, V DR (CO 2 ), gives informa-242 tion of the micropore size distribution [20] [21] [22] [23] [24] . Micropores 243 smaller than 0.7 nm in size are measured by V DR (CO 2 ), and 244 those smaller than 2 nm and bigger than 0.7 nm can be cal-245 culated by the difference between V DR (N 2 ) and V DR (CO 2 ). 246 The data show that narrow micropores are 65% of the total 247 microporosity, approximately. 248
Taking into account series AKN to AKN-900 and 249 ANaN to ANaN-900, it can be seen that little changes in 250 porosity occur when samples AK and ANa are oxidized 251 and thermally treated at different temperatures. Nitric acid 252 could either increase the porosity or block some microp-253 ores. According to our results, the first effect is the main 254 one in the sample activated with NaOH, whereas the sec-255 ond occurs in the sample activated with KOH. The samples 256 that have undergone the thermal treatment at higher tem-257 peratures present a slight decrease in micropore volume. 258 This fact could be caused by certain structural rearrange-259 ment in the material [34, 35] . This effect is also observed 260 in the micropore volume reduction of sample CAH, which 261 was strongly purified and has undergone a thermal treat-262 ment until 850°C in H 2 . 263 We can see that these changes in porosity caused by oxi-264 dation and thermal treatments are very slight and hence, 265 they will not affect the electrochemical behaviour in an 266 important way. 
268
Surface oxygen groups on carbon materials decompose 269 upon heating producing CO and CO 2 at different tempera- 
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288 carboxylic anhydrides (at about 500°C) [24, [37] [38] [39] [40] and 289 phenol, carbonyl, quinone and ether groups (at higher tem-290 peratures) [24, [37] [38] [39] [40] . In the CO 2 spectra, three peaks 291 appear. The peak at 300°C is usually associated to car-292 boxyl groups, the one at 500°C is related to carboxylic 293 anhydrides and the desorption above this temperature 294 could be caused by lactone groups decomposition or CO 2 295 coming from secondary reactions as these are substantially 296 enhanced with porous carbon [5,37-39].
297 It is known that the thermal decomposition of each car-298 boxylic anhydride produces one CO molecule and one CO 2 299 molecule at close temperatures [37] [38] [39] . In order to assess 300 the amount of CO and CO 2 associated to different func-301 tional groups, the deconvolution of the CO and CO 2 spec-302 tra was made using a multi-Gaussian function. Table 3 303 contains the results for the anhydride peak from the CO 304 and CO 2 -profiles deconvolution, respectively, since this 305 specific information will be later used. 306 As it can be observed, the CO 2 peak tends to appear just 307 a little before than CO peak. The reason why we observed 308 this difference is that the decomposition of carboxylic 309 anhydrides is not a simultaneous process. A CO 2 molecule 310 desorbs first and then the CO one. However, these desorp-311 tions are very close and it is usually considered that they 312 take place simultaneously. 313 XPS was employed for the analysis of the surface oxy-314 gen groups in the samples AKN and ANaN, since these 315 ones have the highest amounts of surface oxygen groups. 316 The distribution of oxygen complexes of each sample has 317 been calculated by deconvolution of the XPS spectra, fixing 318 the binding energy in the values presented in the experi-319 mental section. The results are included in Table 4 
337 CAH is that the latter does not contain surface oxygen 338 groups in a significant amount. In addition, sample CAH 339 is different from AKN-900 and ANaN-900 from the point 340 of view of thermal treatment although TPD profiles are 341 similar: this happens because the treatment in H 2 has satu-342 rated carbon bonds, its reactivity towards oxygen is the 343 lowest and it is the most hydrophobic. Then, this sample 344 is very useful to test the role of surface chemistry in the 345 wettability of the carbon material. Sample CAHO x has a 346 high amount of CO and CO 2 desorbing groups because 347 the treatment in air at 450°C has generated an important 348 number of surface oxygen groups. However, it is important 349 to note that the peaks corresponding to carboxylic acids 350 and anhydrides do not appear in the CO 2 spectrum, being 351 the lactone peak, at temperatures above 500°C, the only 352 one remaining. The CO spectrum has also changed consid-353 erably since the peak at 500°C (anhydrides) has almost 354 completely disappeared as expected because the heat treat-355 ment temperature is very close to the temperature of anhy-356 drides decomposition. (Fig. 7) and ANaN and ANaN-450 376 (Fig. 8) . If the voltammograms are observed carefully, sev-377 eral overlapping peaks from 0.5 to 0.65 V can be distin-378 guished, being the main features an oxidation peak at 379 0.5 V and a second one at 0.63 V, approximately. The 380 reduction peaks are less defined. The existence of this 381 broad peak shows that different redox processes are 382 involved. The peak at 0.63 V is more intense for the most 383 oxidized samples (AKN, ANaN) . In addition, it disappears 384 almost completely after thermal treatment at 450°C. 385 Moreover, after thermal treatments at 750°C or 900°C, 386 all the peaks seem to disappear, obtaining a quasi-rectan-387 gular shape in the voltammograms, indicating again that 388 surface oxygen groups are contributing to capacitance by 389 redox reactions. 390 In a previous work, an excellent correlation between 391 CO-desorbing groups and capacitance (both referred to 392 the porosity of the material) was observed [8] . The corre-393 sponding plot (capacitance vs. CO-type groups) was made 
394 with these series of samples (Fig. 9 ). Let us note that in this 395 case the plot has been done without dividing by the poros-396 ity of the materials, due to the very similar porous texture 397 of these samples; however, if this parameter is taken into 398 account (for example, by dividing by the VDR(N 2 ) in 399 Table 2 ), a better correlation is obtained. In any case, a 400 clear correlation between capacitance and the CO-type 401 groups exists. The samples heat-treated at 450°C or higher 402 temperatures, follow a linear trend (except for sample 403 ANaN-900 due to its lower porosity - Table 2 ), but the rest 404 of the samples exhibit an upwards deviation. The main dif-405 ference between these two groups of samples is that those 406 treated above 450°C do not contain a significant amount 407 of carboxyl groups and anhydrides. Then, either both type 408 of surface oxygen groups or one of them is the responsible 409 for the additional contribution to the capacitance. 410 To check this point, sample ANaN-250 was obtained by 411 heat treatment up to 250°C, in order to remove most of the 412 carboxylic groups without decomposing the anhydrides. 
471 Thus, the hydrolysis of these groups linked to graphene 472 layers, seems to be slow. 473 According to the redox scheme presented above, each 474 anhydride group will contribute with two electrons in the 475 redox process. If we consider this aspect in the capacitance 476 vs. CO-type groups plot presented in Fig. 9 (that is, to take 477 into account that one anhydride contributes with two elec-478 trons in the redox process), we will have to change the plot 479 for samples treated under 450°C. Each carboxylic anhy-480 dride contributes to capacitance with two electrons, so 481 the amount of anhydrides should be taken into account 482 twice when the plot is done vs. CO. The amount of CO 483 desorbing groups in the corrected plot, corresponds to 484 the CO desorbed in TPD experiments plus the part corre-485 sponding to anhydrides (obtained from the deconvolution). 486 Then Fig. 10 is obtained in which all the samples fit much 487 better to the linear trend. 488
This result could indicate that anhydrides play a special 489 role in the redox contribution of the surface oxygen com-490 plexes in the capacitance. In our previous work [8], we 491 did not observe this contribution as we used the activated 492 carbons without any treatment after activation. Because 493 the activation temperature is usually higher than 700°C, 494 anhydrides groups will not remain in the carbon material. 495 Then, to observe this effect it is necessary the selection of 496 samples with appropriate surface chemistry as we did in 497 this study. 498
On the other hand, CA series evidences that surface 499 chemistry has also a key role in improving carbon wettabil-500 ity. As it can be observed, sample CAH, the most hydro-501 phobic one, presents a negligible value of capacitance 502 (Table 2) in agreement with results obtained with graphite 503 fibers [43] . When this sample is reoxidized in air flow, it 504 practically recovers the capacitance value of the original 505 sample (Table 2 ). The capacitance value of CAHO x sample 506 is smaller than that of sample CA, but this can be under-507 stood taking into account that this sample has lost some 508 surface area and some structural order due to the aggres-509 sive procedure carried out before H 2 thermal treatment. 510 Fig. 11 contains the cyclic voltammograms for samples 511 CA, CAH and CAHO x . 512 Interestingly, we can deduce that only the heat treat-513 ment in hydrogen produces such a decrease in wettability, 514 because the surface oxygen-containing samples and those 515 heat-treated in inert atmosphere (i.e., AKN-900 and 516 ANaN-900 samples), still have enough wettability to create 517 most of the double layer, showing the role of dangling 518 bonds in this property. 519 It can be observed that in CA sample a broad peak 520 appears as it happened in the AKN and ANaN samples. 521 However, the intensity of the peak at 0.63 V is lower 522 because the content in carboxylic anhydrides is smaller 523 than in the samples oxidized by HNO 3 . In the voltammo-524 gram of sample CAHO x , the redox process below 0.6 V, 525 related to quinone/hydroquinone redox pair, has the high-526 est intensity. It is important to note that this sample has a 527 low content in carboxylic anhydrides as it can be seen in the 528 TPD spectra (Figs. 5 and 6) . 529 Finally, it should be noted that the presence of surface 530 oxides also has an influence in the formation and structure 531 of the double layer, as a consequence of the ion-ion inter-532 actions between surface oxygen groups and electrolyte ions 533 (H + and HSO À 4 in this case). This type of interactions might 534 have an influence on the kinetics of the charge-discharge 535 process and on the effective pore dimensions. These ques-536 tions need to be studied in future work. 
